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Abstract In models of anomaly-mediated supersymmetry
breaking (AMSB), the lightest chargino is predicted to have
a lifetime long enough to be detected in collider experi-
ments. This letter explores AMSB scenarios in pp collisions
at
√
s = 7 TeV by attempting to identify decaying charginos
which result in tracks that appear to have few associated
hits in the outer region of the tracking system. The search
was based on data corresponding to an integrated luminos-
ity of 1.02 fb−1 collected with the ATLAS detector in 2011.
The pT spectrum of candidate tracks is found to be consis-
tent with the expectation from Standard Model background
processes and constraints on the lifetime and the production
cross section were obtained. In the minimal AMSB frame-
work with m3/2 < 32 TeV, m0 < 1.5 TeV, tanβ = 5 and µ >
0, a chargino having mass below 92 GeV and a lifetime be-
tween 0.5 ns and 2 ns is excluded at 95% confidence level.
1 Introduction
Supersymmetry (SUSY) [1–9] is a promising solution to
the hierarchy problem of the Standard Model (SM) and the
search for SUSY is an important programme at the Large
Hadron Collider (LHC). For each SM particle, SUSY postu-
lates a supersymmetric partner with identical quantum num-
bers but with a spin that differs by 1/2. Since scalar super-
partners of quarks and leptons with masses equal to quarks
and leptons have not been observed in previous searches,
SUSY must be a broken symmetry. One mechanism which
provides a calculable mass spectrum of supersymmetric par-
ticles is provided by anomaly mediation [10,11]. The anomaly-
mediated SUSY breaking (AMSB) model provides a con-
strained particle mass spectrum; the ratios of the three gaug-
ino masses are given approximately as M1 : M2 : M3 ≈ 3 :
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1 : 7 where Mi (i = 1,2,3) are the bino, wino and gluino
masses, respectively. The neutral wino becomes the lightest
supersymmetric particle (LSP) while the charged wino be-
comes slightly heavier due to radiative corrections involving
electroweak gauge bosons in the loops. This phenomenolog-
ical feature of the nearly degenerate lightest chargino (χ˜±1 )
and neutralino (χ˜01 ) has the important implication that χ˜±1
predominantly decays into χ˜01 plus a low-momentum (∼ 100
MeV) pi±. The decay length of χ˜±1 is typically expected to
be a few centimeters at LHC energies; some χ˜±1 charginos
could therefore decay inside the tracking volume of the AT-
LAS detector. The χ˜01 escapes detection and the softly emit-
ted pi± is not reconstructed. A track arising from a χ˜±1 with
these characteristics is classified as a disappearing track. The
search described in this letter is based on this signature of
decaying charginos which leads to a track having few asso-
ciated hits in the outer part of the tracking volume.
2 The ATLAS detector
ATLAS is a multi-purpose detector [12], covering nearly
the entire solid angle1 around the collision point with layers
of inner tracking devices surrounded by a superconducting
solenoid providing a 2 T magnetic field, a calorimeter sys-
tem and a muon spectrometer. The inner tracking detector
provides tracking in the region |η |< 2.5. It consists of pixel
and silicon microstrip (SCT) detectors inside a transition ra-
diation tracker (TRT).
1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis coinciding with the axis of the beam pipe. The x-axis points from
the IP to the centre of the LHC ring, and the y-axis points upward.
Cylindrical coordinates (r,φ ) are used in the transverse plane, φ be-
ing the azimuthal angle around the beam pipe. The pseudorapidity is
defined in terms of the polar angle θ as η =− ln tan(θ/2).
2Of particular importance to this analysis is the TRT which
covers the region |η | < 2.0. The barrel TRT is divided into
inner, middle and outer concentric rings of 32 modules com-
prising a stack in the azimuthal angle; each covers the radial
range from 563 mm to 1066 mm and |η | < 1.0. A mod-
ule consists of a carbon-fibre laminate shell and an array of
straw tubes and has a different structure for each ring.
The calorimeter system covers the range |η |< 4.9. The
electromagnetic calorimeter is a lead/liquid-argon (LAr) de-
tector in the barrel (|η |< 1.475) and endcap (1.375< |η |<
3.2) regions. The hadron calorimeters are composed of a
steel and scintillator barrel (|η | < 1.7), a LAr/copper end-
cap (1.5 < |η | < 3.2) and a LAr forward system (3.1 <
|η | < 4.9) with copper and tungsten absorbers. The muon
spectrometer consists of three large superconducting toroids
with 24 coils, a system of trigger chambers and precision
tracking chambers which provide muon momentum mea-
surements up to |η | of 2.7.
3 Simulated event samples
Simulated Monte Carlo (MC) events were used to assess
the experimental sensitivity to given models. The minimal
AMSB model is characterized by four parameters: the grav-
itino mass (m3/2), the universal scalar mass (m0), the ratio
of Higgs vacuum expectation values at the electroweak scale
(tanβ ) and the sign of the higgsino mass term (sgn(µ)). In
this letter, ISASUSY from ISAJET v7.80 [13] was used to cal-
culate the SUSY mass spectrum and the decay tables. The
MC samples were produced using HERWIG++ [14] with
MRST2007 LO* [15] parton distribution functions. These
samples were produced using the parameter tune described
in Ref. [16] and a detector simulation based on GEANT4
[17, 18] with multiple pp interactions per event (pile-up) to
match what was observed in data. Given the chargino mass
(mχ˜±1 ) limit by the LEP2 searches [19–21] of mχ˜±1 ≃ 92 GeV
at 95% confidence level (CL), the signal models shown in
Table 1 were tested. A large value of m0 was used in order to
prevent the existence of a tachyonic slepton; this also assigns
heavy masses to the squarks and sleptons, thereby avoiding
constraints from flavour-changing neutral current and CP-
violation measurements. In this search, the production pro-
cesses g˜g˜, q˜g˜ and q˜q˜ were considered. The signal samples
were normalized using next-to-leading-order (NLO) cross
sections determined with PROSPINO [22]. The chargino life-
time (τχ˜±1 ) was set to 1 ns, the value for which this analysis
has the highest sensitivity. The branching fraction for the
decay χ˜±1 → χ˜01 pi± was set to 100%. Samples with differ-
ent lifetime values for each signal model were derived by
applying event weights so that the distribution of the proper
lifetime follows that for a given lifetime value.
Table 1 Summary of AMSB signal parameters, chargino masses and
their NLO cross sections with tan β = 5 and sgn(µ) = +1.
Signal m0[TeV] m3/2[TeV] mχ˜±1 [GeV] Cross section[pb]
LL01 1.5 32 90.2 6.10×10−2
LL02 1.8 41 117.8 7.65×10−3
LL03 2.0 51 147.7 1.00×10−3
In the model, gluinos and squarks are expected to be
produced copiously via the strong interaction in pp colli-
sions. The decay cascade of these to the χ˜±1 and χ˜01 pro-
duces multiple jets with high transverse momentum (pT).
LSPs escape from the detector, resulting in an event topol-
ogy with multiple jets and large missing transverse momen-
tum (EmissT ). Chargino tracks are expected to have signifi-
cant transverse momentum since the difference between the
gluino and chargino masses is large; the chargino track typ-
ically has pT > 50 GeV and is well isolated from the jet ac-
tivity in the event.
4 Data and event selection
The analysis was based on pp collision data at
√
s = 7 TeV
recorded from March to July 2011. The corresponding in-
tegrated luminosity, after the application of beam, detector
and data quality requirements, was 1.02 fb−1. Events were
selected at the trigger level by requiring at least one jet with
a transverse momentum, measured at the electromagnetic
scale, above 75 GeV, and a missing transverse momentum
above 55 GeV.
Jets were reconstructed using the anti-kt algorithm [23]
with a distance parameter of 0.4. The inputs to the jet re-
construction algorithm were three-dimensional topological
calorimeter energy clusters [24]. The measurement of jet
transverse momentum at the electromagnetic scale (pjet,EMT )
underestimates the true momentum due to the nature of the
non-compensating calorimeters and the dead material. Thus,
an average correction [25], depending on η and pjet,EMT , was
applied to obtain the calibrated jet pT. Jets with pT > 20 GeV
and |η | < 3.2 were selected. Electron candidates were se-
lected with "medium" purity cuts, as described in Ref. [26].
Furthermore, electrons were required to fulfill the require-
ments of pT > 10 GeV, |η |< 2.47 and ∑∆R<0.2 ptrackT /pT <
0.1, where ∑∆R<0.2 ptrackT is the sum of pT for all the tracks
with pT > 1 GeV in a cone of ∆R≡
√
(∆η)2 +(∆φ)2 < 0.2
around the electron candidate, excluding the pT of the elec-
tron candidate itself. Muon candidates were identified by an
algorithm which combines a track reconstructed in the muon
spectrometer with a track in the inner detector. Furthermore,
muons were required to have pT > 10 GeV and |η | < 2.7,
and to be isolated [27]: the sum of pT of tracks within a
3cone of ∆R < 0.2 around the muon candidate (excluding the
muon candidate itself) was required to be less than 1.8 GeV.
Following the object reconstruction described above, over-
laps between jets and leptons were resolved. First, any jet
candidate lying within a distance of ∆R < 0.2 of an electron
was discarded. Then, any lepton candidates within a distance
of ∆R < 0.4 of any surviving jet were discarded.
The calculation of EmissT was based on the transverse mo-
menta of jets and lepton candidates, and all clusters in the
calorimeter that are not associated to such objects [28].
In order to suppress non-collision background events,
additional selection criteria [25] were applied to jets. Sig-
nal candidate events were required to have no electron or
muon candidates (lepton veto), EmissT > 130 GeV and three
leading (highest pT) jets with pT > 130 GeV for one jet and
pT > 60 GeV for another two jets ("kinematic selection").
The trigger selection is fully efficient for signal events satis-
fying the kinematic selection requirements.
The search described in this letter was based on the de-
tection of charginos decaying in the TRT. The average num-
ber of hits on a track going through the TRT in the central re-
gion is about 34 and consecutive hits can be observed along
the track with small radial spacing between adjacent hits.
This feature provides the capability of substantial discrimi-
nation between penetrating and decaying charged particles.
If a chargino decays in the volume of the inner or middle
TRT modules, multiple hits associated to the chargino track
are expected in the SCT detector but not in the outer TRT
subdetector. Such a chargino track candidate can be fully
reconstructed by the ATLAS standard track reconstruction
algorithm.
The chargino candidate tracks were required to fulfill the
following criteria:
(1) The track should have at least one hit in the innermost
layer of the pixel detector.
(2) The track should have at least six hits in the SCT.
(3) The track should have |d0| < 1.5 mm and |z0 sinθ | <
1.5 mm, where d0 and z0 are the transverse and longitu-
dinal impact parameters.
(4) There should be no other tracks with pT > 0.5 GeV within
a cone of radius ∆R = 0.05.
(5) The candidate track should have the highest pT among
the isolated tracks in the event and have pT above 10 GeV.
(6) The track should point to the TRT barrel layers and not
point to the inactive regions around η = 0.
(7) The number of hits in the TRT outer module associated
to the track (NouterTRT ) should be fewer than five.
The first four criteria were applied to all tracks in the event in
order to ensure a well-reconstructed primary track whereas
the fifth is meant to select chargino tracks that usually have
the highest pT in the event. The chargino tracks sufficiently
fulfill the fifth criterion. The sixth criterion was based on
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Fig. 1 The NouterTRT distribution for data and signal events (LL01, τχ˜±1 =
1 ns) with the high-pT isolated track selection. The selection bound-
ary is indicated by the arrow. The expectation from SM MC events,
normalized to the number of observed events, is also shown. When
charginos decay before reaching the TRT outer module, NouterTRT is ex-
pected to have a value near zero; conversely, SM charged particles
traversing the TRT typically have NouterTRT ≃ 15.
the extrapolated track position, and was set to avoid inac-
tive regions of the TRT. This requirement helped to reject
fake disappearing tracks and works as an effective accep-
tance cut of |η | < 0.63. For the seventh criterion, NouterTRT
was calculated by counting TRT hits lying on the extrapo-
lated track. The hits satisfying d < rstraw were taken into ac-
count, where d is the distance between the hit and the track
in the transverse plane and rstraw is the radius of the straw
tube. Hereafter, unless explicitly stated otherwise, "high-pT
isolated track selection" and "disappearing track selection"
indicate criteria (1)–(6) and (1)–(7), respectively. Figure 1
shows the NouterTRT distributions with the high-pT isolated track
selection requirements for data, signal and SM MC events.
When charginos decay before reaching the TRT outer mod-
ule, NouterTRT is expected to have a value near zero; conversely,
SM charged particles traversing the TRT typically have NouterTRT
≃ 15. The sample of selected tracks after requirements (1)–
(6) is dominated by through-going tracks with NouterTRT ≃ 15.
Criterion (7) removes the vast majority of these tracks: al-
though it reduces the signal efficiency, it enhances the ex-
pected signal to background ratio very strongly. These crite-
ria select charginos decaying in the region 514 < r< 863 mm
effectively. The data reduction is summarized in Table 2. Af-
ter the application of all kinematic and track selection crite-
ria, 185 candidate events remained.
5 Background estimation
With the selection criteria described above, there are two
main background sources for high-pT disappearing tracks:
4Table 2 Summary of selection cuts and data reduction. The selection
efficiencies for each AMSB signal model are also shown.
Selection Data Signal efficiency [%]
LL01 LL02 LL03
Trigger selection and non-
collision rejection 1491012 90.2 90.2 89.3
e/µ veto 1390171 77.1 75.2 73.7
EmissT > 130 GeV 80971 67.9 68.8 69.4
Jet pT requirements 18345 66.5 68.1 68.8
High-pT isolated track 6042 40.8 42.9 43.5
Disappearing track 185 6.8 7.5 7.4
– Charged hadrons (mostly charged pions) interacting with
material in the TRT detector.
– Low-pT charged particles whose pT is badly measured
due to scattering in the inner detector material.
The two categories are labelled as “high-pT interacting hadron
track” and “bad track” backgrounds, respectively. Fig. 2 shows
schematically the origins of disappearing high-pT tracks.
According to the MC simulation, high-pT interacting hadron
tracks were responsible for more than 95% of the background
tracks. Electrons having low pT can be classified as disap-
pearing tracks due to bremsstrahlung, however, the contri-
bution of these tracks was negligibly small after the lepton
veto and the track selection criterion (5).
Fig. 2 Origins of disappearing high-pT tracks.
The fraction of events containing these background tracks
is expected to be ∼ 10−4; background estimation based on
the MC simulation would therefore suffer from large uncer-
tainties due to the lack of sufficient MC statistics and also
from the difficulty in simulating the properties of these back-
ground mechanisms. A data-driven background estimation
technique was therefore used to estimate the background
track pT spectrum, which used control samples enriched in
the two background categories. The main contribution to
the high-pT interacting hadron background originated from
charged hadrons in jets and τ hadronic decays. In the pT
range above 10 GeV, where inelastic interactions dominate,
the interaction rate has nearly no pT-dependence [29]. There-
fore, the pT spectrum of interacting hadron tracks was ob-
tained from that of non-interacting hadron tracks. By adopt-
ing the same kinematic selection criteria as those for the
signal and ensuring penetration through the TRT detector
by requiring NouterTRT > 10, a pure sample of high-pT non-
interacting hadron tracks was obtained. The contamination
from bad tracks and any chargino signal was removed by re-
quiring the calorimeter activity associated to the track, ∑∆R<0.1
EclusT / p
track
T , to be larger than 0.3, where ptrackT is the pT of
the track and ∑∆R<0.1 EclusT is the sum of cluster transverse
energies in a cone of ∆R = 0.1 around the track. Simulation
studies indicated that the pT spectrum of bad tracks depends
little on the production process. A sample with an enhanced
bad track contribution was therefore obtained with the same
track quality requirements as for the chargino track, but re-
quiring EmissT < 100 GeV. The EmissT requirement makes this
sample orthogonal to the signal search sample. In addition,
the number of pixel hits associated to the track was required
to be zero, and ∑∆R<0.1 EclusT /ptrackT < 0.3 in order to re-
ject possible contributions from high-pT interacting hadron
tracks and to enhance the purity of bad tracks. The require-
ment on the number of pixel hits had negligible impact on
the shape of the reconstructed pT spectrum. The purity of
bad tracks was close to 100% after these requirements.
An ansatz functional form (1+ x)a0/xa1+a2 ln(x) was fit-
ted to the pT spectrum of the control sample of the high-
pT non-interacting hadron tracks, where x ≡ ptrackT and ai
(i = 0,1,2) are fit parameters. Fig. 3(a) shows the track pT
distribution and the shape derived from a maximum likeli-
hood fit. Alternative fit functions gave shapes that agreed
with each other and with the original form within the fit un-
certainties. The choice of functional form in this analysis
was based on the χ2 values.
Bad tracks could have anomalously high values of pT
and become a significant background. Therefore, for the bad
track background shape, a flat term representing the high- pT
tail was added to give an estimate in the region of interest.
The resulting functional form was (1+x)b0/xb1+b2 ln(x)+b3,
where bi (i = 0,1,2,3) are fit parameters. The shape of the
bad track background is shown in Fig. 3(b).
6 Signal extraction and constraints on the AMSB
chargino
In order to evaluate how well the observed data agree with a
given signal model, a statistical test was performed based on
a maximum likelihood. The likelihood function for the sam-
ple of observed events (nobs), using the track pT, is defined
as:
nobs∏ µsn
exp
s Ls + nb{(1− fbad)Lhad + fbadLbad}
nb + µsnexps
, (1)
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Fig. 3 The pT distributions of high-pT hadron track (a) and bad track (b) background control samples. The data and the fitted model are shown by
the solid circles and the line, respectively. The significance of the data-model difference on a bin-by-bin basis is also shown at the bottom of each
figure.
where µs, nexps , nb and fbad are the signal strength (i.e. the
ratio of a given cross section to its predicted value), the ex-
pected number of signal events for a given model, the num-
ber of background events and the fraction of bad tracks in
the background, respectively. The parameters µs, nb and fbad
were left free in the fit. The probability density functions
of signal, interacting hadron track and bad track, Ls, Lhad
and Lbad, are shown in Fig. 4. The full shape of the dis-
tributions for pT > 10 GeV was fitted with the two back-
ground contributions, and a signal contribution was also in-
cluded in the fit for pT > 50 GeV. A small signal contribu-
tion below pT = 50 GeV was neglected. The effects of sys-
tematic uncertainties were incorporated via constraint terms
on nuisance parameters. The overall normalisation of the
signal and the parameters describing the background track
pT shapes were set as nuisance parameters; they were treated
with a normal distribution and multivariate normal distri-
butions with covariance matrices obtained by the fit of the
background control samples, respectively.
A total uncertainty of ±25% was found for the signal
normalisation; the main contribution comes from the uncer-
tainties in the theoretical cross section from the renormali-
sation and factorisation scales (±18%) and the parton distri-
bution functions (±9%). The jet energy scale [25], the track
reconstruction efficiency [30] and the integrated luminos-
ity [31, 32] could alter the signal yield; their contributions
were estimated to be ±9%, ±2% and ±3.7%, respectively.
The systematic uncertainties due to pile-up were evaluated
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Fig. 4 Probability densities of the signal (LL01, τχ˜±1 = 1 ns) and back-
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by examining the stability of the signal acceptance and the
pT spectra of background tracks as a function of the number
of pp interactions. Both data and signal MC were used for
this purpose, and the resulting uncertainties were found to
be negligible.
Fig. 5 shows the best-fit shape of the "signal + back-
ground" model for the sample signal point LL01 with τχ˜±1 =
1 ns (nexps = 4.2). The fit resulted in nb = 185± 14 and
the best fit values of µs and fbad were zero; upper limits
of µs < 0.15 and fbad < 4.0× 10−2 were set at 68% CL.
6The p-value for the consistency of the observed data with
the background-only hypothesis was calculated to be 0.5,
showing that the observed track pT spectrum was in agree-
ment with the background expectation. The result also indi-
cated that interacting hadron tracks were the dominant back-
ground, consistent with MC predictions.
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Fig. 5 The pT distribution of candidate tracks with the best-fit shape
of the "signal + background" model. The signal point of LL01 and
τχ˜±1
= 1 ns are used, but the best-fit signal contribution was found to
be zero.
The expected background and observed events in the
region pT > 50 GeV were 13± 1 and 5, respectively; this
background estimate was derived from the background-only
fit in the region 10 < pT ≤ 50 GeV. Model-independent up-
per limits were set on the cross section times acceptance for
non-SM processes with the final state satisfying the kine-
matic and track selection criteria. Fig. 6 shows 95% CL up-
per limits on the cross section times acceptance for candi-
date tracks with pT > p0T as a function of p0T. The 95% CL
upper limit on the cross section for a given model was set
by the point where the CL of the signal + background hy-
pothesis based on the profile likelihood ratio [33] and the
CLs method [34, 35] falls below 5% when scanning the CL
along various values of µs. Fig. 7 shows the observed limit
on the signal cross section at 95% CL as a function of τχ˜±1
for the signal model LL01. Limits on the chargino lifetime
were also set: τχ˜±1 < 0.2 or τχ˜±1 > 4 ns for a chargino with
a mass of 90 GeV. Moreover, a constraint on the chargino
mass and lifetime was set by the scan of the observed cross
section limits for the benchmark models, as shown in Fig. 8.
In the framework of minimal AMSB with m3/2 < 32 TeV,
m0 < 1.5 TeV, tanβ = 5 and µ > 0, a chargino with mχ˜±1 <
92 GeV and 0.5 < τχ˜±1 < 2 ns was excluded at 95% CL.
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77 Conclusion
The results of a search for long-lived charginos in pp colli-
sions with the ATLAS detector using 1.02 fb−1 of data were
presented in the context of AMSB scenarios. The analysis
used a signature of high-pT isolated tracks with few asso-
ciated hits in the outer part of the ATLAS tracking system.
The pT spectrum of observed candidate tracks was found
to be consistent with the expectation from SM background
processes. Constraints on the AMSB chargino mass and life-
time were set; a chargino having mχ˜±1 < 92 GeV and 0.5 <
τχ˜±1
< 2 ns was excluded at 95% CL.
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